The contribution of water to the quantitative determination of hemoglobin concentration and saturation by near-infrared spectroscopy in turbid media was investigated. The study consisted of in vitro measurements of an aqueous suspension containing Liposyn, bovine blood, and yeast buffered at pH 7.2. The optical coefficients of the medium ( a ϳ0.03 to 0.08 cm −1 , s Ј ϳ 6 cm −1 at wavelengths of 715 and 825 nm) were similar to those of biological tissue in the near-infrared, and the hemoglobin concentration was about 23 M. It was possible to reversibly saturate and desaturate hemoglobin in the full range of 0 to 100% by flowing either oxygen or nitrogen through the suspension. In these experimental conditions, water absorption must be taken into account to obtain accurate oxyhemoglobin concentrations and low hemoglobin saturation values. By contrast, the water correction has a small effect on the determination of deoxyhemoglobin concentration and high hemoglobin saturation values. By extrapolating the result to physiological conditions, where water content is lower and hemoglobin content is higher than in the experimental conditions, it was concluded that water absorption should have a smaller effect on the determination of hemoglobin concentrations and saturation in tissues at the wavelengths used in this study. In particular, for hemoglobin concentrations larger than 100 M, the water correction is less than 5% at saturation values higher than 50%. © 1997 Society of Photo-Optical Instrumentation Engineers.
INTRODUCTION
The quantitative measurement of hemoglobin oxygenation in tissues is fundamental to prevent hypoxic or hyperoxic conditions in ill patients. A noninvasive, accurate, continuous, and in situ monitor of hemoglobin oxygenation is one of the goals of near-infrared spectroscopy. Optical measurements of hemoglobin oxygenation rely on the difference between the absorption spectra of oxy-and deoxyhemoglobin (HbO 2 and Hb, respectively) in the near-infrared. In blood-perfused tissues, hemoglobin is the major absorber in the near infrared (700 to 900 nm). Therefore, a measurement of light attenuation at two different wavelengths can be related to the hemoglobin saturation of the investigated tissue.
The first optical oximeters were developed in the 1940s. 1 These instruments were based on the Beer-Lambert law, and required a calibration measurement in the absence of blood to correct for light scattering in the tissue. A different approach to measuring arterial oxygen saturation (SaO 2 ) using optical methods was proposed by Aoyagi et al. 2 and by Yoshiya et al. 3 The changes in arterial blood volume associated with cardiac contractions cause changes in absorbance. The differences between the peak and the baseline absorbances at two wavelengths are ratioed. This ratio can be empirically correlated with the absolute value of SaO 2 by means of a large population statistical study.
The pulse oximeter, which is based on this approach, is now largely used in hospitals as a moni-toring medical device. 4 It has, however, limitations and inaccuracies in the absolute determination of SaO 2 which prevent its use in some medical applications. Near infrared instruments that employ continuous wave (CW) light were developed in the late 1980s and early 1990s. Some of these instruments obtain the relative changes in hemoglobin saturation in tissues by combining the measured light intensity at two different wavelengths. 5, 6 Others quantitatively determine the hemoglobin saturation and changes in hemoglobin concentration by assuming a constant value for either the average optical path length 7, 8 or the reduced scattering coefficient. 9 The path length is determined from measurements on a population of healthy people. Even if promising clinical results are achieved with these instruments 9,10 some criticisms about the basic assumption of constant path length have been raised. 11, 12 The introduction of time-resolved spectroscopy, in conjunction with a theoretical model, the diffusion theory, which satisfactorily describes light propagation in biological tissues, 13 has recently led to the development of tissue oximeters operating in both the frequency domain 14 and the time domain. 15 These instruments measure the absorption ( a ) and the reduced scattering ( s Ј) coefficients of tissue without making assumptions about the optical path length. As a result, these instruments provide an absolute measurement of the optical coefficients of tissue. To translate the values of the absorption coefficients of tissues into hemoglobin concentration and hemoglobin saturation, one typically assumes that the absorption of near infrared light in tissues is solely due to oxy-and deoxyhemoglobin. Essenpreis et al. have made an attempt to include the effect of the absorption of water and cytochrome aa 3 in a fit of a time-domain measurement, which was partially successful in quantifying hemoglobin saturation values. 16 In this paper we investigate the effect of water on the absolute determination of the concentrations of oxy-and deoxyhemoglobin by optical methods. We compare theoretical predictions with the results of an in vitro experiment on a Liposyn aqueous suspension containing a known concentration of bovine blood. In this experiment, we were able to reversibly change the oxygenation status of hemoglobin in the full range of 0 to 100% by flowing either oxygen or nitrogen through the medium. While our in vitro experiments exaggerate the effect of water in tissues, they provide a good test for predicting the extent of the water contribution in physiological conditions.
MATERIALS AND METHODS
The turbid suspension was made of bovine blood (93 ml), 7.2 pH buffer (9 liters), Liposyn 20% (231 ml), and yeast (47 g, Fleischman ® ). This suspension was placed in a rectangular container 32 cm longϫ27 cm wideϫ12 cm deep, and the total volume of the liquid was about 9.4 liters. The pH buffer was an aqueous solution of dibasic sodium phosphate (13 g/liter) and hydrochloric acid. We verified that the buffered pH value of 7.2 was not changed by adding blood. The concentration of 0.5% solid content of Liposyn 20% was chosen to yield a reduced scattering coefficient of about 5 to 6 cm −1 in the near infrared spectral region. The blood concentration (1% by volume) was chosen to yield absorption coefficients smaller than 0.1 cm −1 (to base e) to obtain a high level of detected intensity. A hemoglobin concentration of 23 M was estimated by taking its concentration in blood equal to 15 g/100 ml, and its molecular weight equal to 64,000 g/mole. The water content of the suspension was 99% by volume. The suspension was enclosed in a gas-impermeable sealed bag, and a constant flux of either oxygen or nitrogen was maintained through the suspension via a tube located in the bottom part of the container. In this way a 100% oxygen or 100% nitrogen atmosphere was attainable in the sealed bag. Consequently, the hemoglobin saturation could be varied (reversibly) from 100 to 0%.
We used a frequency-domain spectrometer to measure the optical properties of the suspension. The principle of operation is described elsewhere. 17 The light sources of the frequency-domain spectrometer were two light-emitting diodes (LEDs) peaked at 1 =715 nm (HP HEMT-6000) and 2 =825 nm (Motorola MFOE1203), and having spectral bandwidths of ⌬ 1 =30 nm and ⌬ 2 =50 nm, respectively. They were positioned 3 cm below the surface of the suspension. A detector fiber (3 mm in diameter), movable by a step motor controlled by a computer, was also positioned 3 cm below the surface of the liquid. In the range of optical coefficients considered here, this configuration of sources and detector satisfies the boundary conditions of the infinite medium geometry. Measurements with the frequency-domain spectrometer were done only in 100 and 0% hemoglobin saturation conditions. The acquisition time for each wavelength was about 30 s, allowing for an accuracy in the determination of a and s Ј of about 3%.
An oxygen electrode (ORION, model 97-08) was used to measure the partial pressure of oxygen (pO 2 ) in the suspension. The setup also included an OMNIA near infrared tissue oximeter (ISS, Champaign, Illinois), whose readings (not recorded in this paper) agreed with those of the frequencydomain spectrometer. 18 The experimental apparatus is shown in Figure 1 , which also shows the stirrer (5ϫ1 cm stirring cylinder, Ϸ200 rpm) that was used to prevent hemoglobin and suspended particles from settling.
RESULTS
The measurements of a and s Ј were taken at three different values of pO 2 in the suspension:
1. The initial measurement was performed at 150 mm Hg pO 2 . This pO 2 in air is sufficient to completely saturate hemoglobin. 19 2. A flow of oxygen was started and then maintained for 80 min. The second measurement was then performed at 600 mm Hg pO 2 as measured by the oxygen electrode.
3. We then stopped the oxygen flow, added the yeast to the suspension, and started a flow of nitrogen gas. After about 100 min, we performed the measurement at 0 mm Hg pO 2 as measured by the oxygen electrode.
We later verified that we could reproduce measurement 2 after replenishing the oxygen in the suspension. Table 1 gives a summary of the experimental data for each measurement. The first column gives the reading of pO 2 provided by the oxygen electrode in the suspension. The next four columns give the absorption and reduced scattering coefficients of the suspension measured by the frequency-domain spectrometer at both 1 and 2 . The oxygen saturation (Y) reported in the last column is obtained by assuming that oxy-and deoxyhemoglobin are the only absorbers in the suspension. While we obtain Y=100% in the oxygen atmosphere as expected, 19 we obtain Y=40% instead of 0% when the pO 2 is zero in the suspension. In the next section, we show that the erroneous result is caused by neglecting water absorption.
DISCUSSION
The relationship between the measured absorption coefficient at wavelength and the concentrations of chromophores in the medium is given by:
where ⑀ i is the extinction coefficient at of the chromophore C i , whose concentration is [C i ]. In tissues, the summation is usually limited to the oxy-and deoxyhemoglobin species. 14, 15, 20 Using this simplified approach, we correctly measure 100% saturation in the oxygen atmosphere, but we do not obtain the expected saturation value of 0% in the nitrogen atmosphere (see Table 1 ). The main constituent by volume in our suspension is water, and its contribution to Eq. (1) should be considered. Since our suspension had a water content of nearly 100%, we included an additional term in Eq. . The suspension has a hemoglobin concentration of about 23 M. A magnetic stirring bar prevents hemoglobin and scattering particles (from Liposyn 20%) from settling. The whole suspension is enclosed in a gas-impermeable glove bag, and by flowing either oxygen (O 2 ) or nitrogen (N 2 ) through the suspension we can control the atmosphere inside the glove bag. The optical readings are obtained by an accurate frequency-domain spectrometer for turbid media (light sources: LEDs; light collection: optical fiber) which performs multidistance data acquisition in an infinite geometry. During the experiment, we also monitored the dissolved oxygen concentration with a commercial oxygen electrode (ORION, model 97-08). Note: The first column shows the pO 2 in mm Hg inside the suspension measured with the oxygen electrode. The next four columns give the absorption and reduced scattering coefficients of the suspension measured by the frequency-domain spectrometer at the given LED peak wavelength. The last column gives the calculated oxygen saturation in percent assuming that only [HbO 2 ] and [Hb] act as absorbers. Notice that we properly obtain 100% in the high pO 2 case, but we obtain 40% instead of 0% when the pO 2 is zero.
where ⑀ ϭ ⑀ are the values of oxy-and deoxyhemoglobin concentrations obtained if hemoglobin is assumed to be the only absorber, and K HbO 2 ( 1 , 2 ) and K Hb ( 1 , 2 ) are the water-correction terms. Figure 2 shows the values of K HbO 2 and K Hb as a function of 1 for three different values of 2 (800, 825, and 850 nm). Figure 2 shows that water can have different effects on the determination of hemoglobin concentration for different pairs of wavelengths employed.
By summing the concentrations of oxy-and deoxyhemoglobin, we obtain the total hemoglobin content (THC). Table 3 shows the estimated, watercorrected, and water-uncorrected values of THC. The quantitative result for THC after water correction is in good agreement with the estimated value. Table 3 also shows the actual, water-corrected, and water-uncorrected values of hemoglobin saturation (Y). The effect of water correction is negligible in the high saturation limit, but it becomes increasingly important at lower saturation values.
The explanation for the different results in the oxygenated and deoxygenated states is the following. In the high saturation limit ([HbO 2 ]ϷTHC, [Hb]Ϸ0) we have:
͓HbO 2 ͔ϩK HbO 2 ͓HbO 2 ͔ϩK HbO 2 ϩ͓Hb͔ϩK Hb ϫ100% Fig. 2 Water correction terms for oxyhemoglobin (K HbO 2 ) and for deoxyhemoglobin (K Hb ) as a function of 1 [for the definitions of K HbO 2 and K Hb see Eqs. (2) and (3)]. The water correction terms have been calculated for three values of 2 , namely 800, 825, and 850 nm. 
where Y* is the uncorrected-for-water value. If K Hb ӶTHC, then Y*Ϸ100% independently of the value of K HbO 2 . In our experimental conditions K Hb (−0.29 M) was actually much smaller than THC (23 M) and we recovered a value of Y*Ϸ100% in full saturation. In the low saturation limit ([HbO 2 ]Ϸ0, [Hb]ϷTHC) we have: 
If K Hb ӶTHC and K HbO 2 Ӷ THC, then Y*Ϸ0%. In our experimental conditions K HbO 2 (12.5 M) was not much smaller than THC (19 M) and we recovered a value of Y*Ϸ40% at full desaturation. We have calculated the dependence of the hemoglobin saturation uncorrected for water (Y*) on the hemoglobin concentration for the pair of wavelengths employed in this study ( 1 =715 nm and 2 =825 nm). Figure 3 shows Y* versus THC for different values of Y (11 curves for Y ranging from 0 to 100% at increments of 10%). For the hemoglobin concentration employed in our in vitro experiment, the water correction is important. However, for the hemoglobin concentration in tissues (55 to 220 M), [23] [24] [25] [26] [27] [28] [29] this correction would be relevant (greater than 5%) only in the low concentration limit and at low saturation values. The water correction can be quantified in a given condition by inspection of Figure 3 . For example, the water correction to Y is less than 5% at hemoglobin concentrations larger than 100 M and for saturation values higher than 50%. This implies that hemoglobin saturation measurements of the OMNIA tissue oximeter (as well as other optical oximeters based on a quantitative determination of a ) operating at 1 =715 nm and 2 =825 nm will be only slightly affected by the effect of water absorption in many physiological conditions.
To perform the water correction, which we have actually implemented in the software of the OM-NIA oximeter, one must estimate the water concentration in the tissue. This concentration varies over a wide range of values. For instance, it can assume values in the ranges of 75 to 80% in the brain, 66 to 82% in the skeletal muscle, 52 to 78% in the skin, and 6 to 36% in fatty tissue. 30 Furthermore, the water concentration may change during a measurement. The relevance of our conclusion that the water correction, even when not negligible, should not be a dominant factor, is that a bad estimate of water concentration will not cause significant errors in the determination of hemoglobin concentration and saturation.
CONCLUSIONS
Near infrared spectroscopy has the potential of determining quantitative values of hemoglobin concentration and saturation in blood-perfused tissues. Fig. 3 Calculated values of hemoglobin saturation without water correction for 11 values of actual saturation (from 0 to 100% at increments of 10%) as a function of total hemoglobin content (THC). In this plot, we have considered the same wavelengths employed in our experiment, i.e., 1 =715 nm and 2 =825 nm. In these conditions, the water correction is relevant at low values of hemoglobin saturation and concentration. The vertical line indicates the value of THC measured in our experiment. This potential has already been exploited by quantitative oximeters in the frequency domain 14 and the time domain. 15 However, these instruments work under the assumption that hemoglobin is the only absorber in the near infrared. While this is a reasonable first-step approximation, it might lead to systematic errors. In this study we investigated the effect of a third absorber, namely water, on the quantitative determination of hemoglobin concentration and saturation in turbid media. Our results show that the effect of water depends on the total hemoglobin content and on the pair of wavelengths used by the optical oximeter. For the total hemoglobin content (23 M) and wavelengths (715 and 825 nm) employed in this study, the water correction has little effect on the determination of Hb concentration and of high saturation values. On the other hand, the water correction is relevant in the determination of HbO 2 concentration and low saturation values. Extrapolating our result to physiological conditions which are characterized by lower water content and a higher hemoglobin content, we conclude that water absorption should have a smaller effect on the determination of hemoglobin concentration and saturation in tissues. This effect is quantified by Eqs. (2) and (3), and by Figure 3 . However, under physiological conditions, background absorption could be due to other chromophores besides water. Furthermore, the water absorption in tissues could be different than that of bulk water due to changes in the spectrum of bound water. Intrinsic tissue inhomogeneities may also play a role in the quantitative determination of optical parameters.
